We calibrated a model predicting total tree height as a function of tree diameter for nine tree species common to the Missouri Ozarks. Model coefficients were derived from nearly 10,000 observed trees. The calibrated model did a good job predicting the mean height-diameter trend for each species (pseudo-R 2 values ranged from 0.56 to 0.88), but for a given tree diameter observed tree heights were highly variable. We also present a technique for incorporating the observed variation in tree heights in the predicted values.
T otal tree heights are costly and difficult to accurately obtain. However, they provide a great deal of information about tree volume, site productivity, and stand size structure. In the absence of observed tree heights, total tree heights can be estimated by the use of a height-diameter equation. These equations predict a tree's total height based on its dbh (4.5 ft aboveground), and in many situations, they provide a valuable alternative to measuring the heights in the field. Several such models exist for different species and geographic regions, e.g., models by Monserud (1975) , Ek et al. (1984) , Larsen and Hann (1987) , Parresol (1992) , Flewelling and de Jong (1994) , and Colbert et al. (2002) . This article presents equations for predicting total tree height for 12 species in the southeastern Missouri Ozarks.
Methods
Data used in model development came from the Missouri Ozark Forest Ecosystem Project Shifley 1997, Shifley and Brookshire 2000) and the Missouri Ecological Classification System Project (Becker 1999 , Grabner 2002 . Study sites were located in Missouri counties of Shannon, Reynolds, and Carter, in the Ozark Highlands Section of the Eastern Broadleaf Forest (Continental) Province (McNab and Avers 1994) . Trees included in the database were from all crown classes and spanned a wide range of diameters (0.1-36.0 in.). Individual trees with signs of damage or broken tops were removed from the data set. In all cases, dbh's were measured with a diameter tape or caliper to the nearest 0.1 in. Heights were measured to the nearest foot with a telescoping height pole or a clinometer.
After preliminary examination of height-diameter models by Monserud (1975) , Ek et al. (1984) , Larsen and Hann (1987) , Parresol (1992) , and Flewelling and de Jong (1994) , we settled on Monserud's (1975) model:
where H is total tree height in feet, 4.5 corresponds to breast height (ft), D is dbh (in.), and the b i are regression coefficients. The flexible model form is easy to fit and has worked effectively for species in the Midwest and elsewhere (e.g., Hann [1987 and Colbert et al. [2002] ). This equation enforces the constraint that as D approaches zero, H approaches 4.5 ft, given b 1 and b 2 are negative.
We fit separate equations for species with at least 75 observations (Table 1) . We also fit composite equations for upland oaks and hickories. Blackjack oak, chinkapin oak, and bitternut hickory were included in their respective pooled groups but did not have sufficient numbers for individual models.
We used nonlinear regression to fit models for all species and species groups. We evaluated model fit using the residual standard error, graphics, and a coefficient of multiple determination for the nonlinear regression (Kvålseth 1985) . The pseudocoefficient of multiple determination is analogous to the R 2 in linear regression and is computed
where Ŷ j is the model estimate for the jth estimate, Y is the sample mean, and Y j is the jth observation.
Results and Discussion
Equation 1 did a good job of defining the height-diameter relationship for the Ozark species. Pseudo-R 2 values ranged from 0.56 to 0.88 (Table 2) . The fitted equations closely followed the trends in the data ( Figure 1 ) and residual analyses revealed no patterns indicating a need for remedial measures.
Oaks were the most abundant species in the dataset; however, they also had the largest residual standard errors (RSE) and the lowest pseudo-R 2 . White oak had a slightly lower RSE and a higher pseudo-R 2 than the other two individual oak species, scarlet and black oak. Less accurate prediction in these species may be related to the wide variety of sites on which these species exist. Better fit statistics for white oak may be related to white oak being more of a site generalist-being able to thrive on a wide variety of sites. The pooled oak group, including all of the aforementioned oaks, as well as chinkapin and blackjack oak, had a higher RSE and lower pseudo-R 2 than the white and scarlet oak species, but it may provide a useful tool for determining height for aggregated groups of oaks.
Fit statistics for the hickories are much better than the oak species. However, with many fewer observations than the oaks, caution should be taken when comparing the fits of these two species groups. Pseudo-R 2 values for the hickories are all relatively high, over 0.84 for each hickory species and for the aggregate hickory group, including all listed hickories and bitternut.
Fit statistics for shortleaf pine, the only conifer in the group, were similar to the oak species listed, with an RSE of 8.9 ft and a pseudo-R 2 of 0.62. Flowering dogwood had the smallest RSE, 3.2 ft. However, this is caused by the fact that dogwood also has the smallest range of diameters and heights. Flowering dogwood does not typically reach the canopy in mature Missouri Ozark forests. The nonlinear regression of red maple failed to converge for Equation 1 because coefficient b 1 and b 2 were highly correlated. When b 2 was constrained to Ϫ0.2 for red maple, the remaining parameters were readily obtained, and the resulting model had a pseudo-R 2 of 0.88 and an RSE of 3.2 ft. For all species, the fitted model coefficients are similar in sign and magnitude to those developed for other species and geographical regions Hann 1987, Colbert et al. 2002 ).
Although the model does a good job of predicting the mean height-diameter trend for each species, tree heights for a given diameter were highly variable in the data. For example, white oak trees with diameters of approximately 20 in. ranged from about 50 to 90 ft in height. The model, which predicts the mean tree height (e.g., 80 ft for a 20-in. white oak), tends to obscure this variability. In situations where it is desirable to retain the variation in estimated heights, a random component based on the root mean square error can be added to the model estimate so estimates vary within the 95% confidence bounds:
Generally, it is advisable to apply these equations only over the range of the observed diameters (Table 1) . With the exception of red maple, all species approach reasonable maximum tree heights for diameters greater than 30 in. At large diameters the oak tree heights level out at 80 -95 ft, the hickories reach 75-90 ft, the shortleaf pine reaches nearly 100 ft, and dogwood tops out at 24 ft. The equation for red maple is based only on trees less than 6 in. in diameter, and when extrapolated to larger diameters modeled red maple heights are unreasonably large (Figure 1) . Although in other mesic and hydric ecosystems red maples can reach much larger diameters and heights, in these upland Ozark ecosystems red maples typically remain small trees that are restricted in size by droughty conditions.
Conclusions
The height-diameter equations presented here can be used to obtain height estimates for trees for which height was not measured. The equations produced estimates that are consistent with biological expectations for each species group and well constrained for trees with very small and very large diameters. The fitted model is suitable for application within the range of the fitted data for each species and it produces reasonable estimates when extrapolated to various diameters. The model is relatively easy to apply to a wide variety of inventory, modeling, projection, silvicultural, and wildlife settings. With as little information as tree species and dbh, heights can be estimated to provide additional information to practitioners on tree volume and stand characteristics such as vertical structure.
